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The human airway epithelium (HAE) represents the entry port of many human respiratory viruses, including human coronavi- 
ruses (HCoVs). Nowadays, four HCoVs, HCoV-229E, HCoV-OC43, HCoV-HKU1, and HCoV-NL63, are known to be circulating 
worldwide, causing upper and lower respiratory tract infections in nonhospitalized and hospitalized children. Studies of the fun- 
damental aspects of these HCoV infections at the primary entry port, such as cell tropism, are seriously hampered by the lack of 
a universal culture system or suitable animal models. To expand the knowledge on fundamental virus-host interactions for all 
four HCoVs at the site of primary infection, we used pseudostratified HAE cell cultures to isolate and characterize representative 
clinical HCoV strains directly from nasopharyngeal material. Ten contemporary isolates were obtained, representing HCoV- 
229E (n = 1), HCoV-NL63 (n = 1), HCoV-HKUI (n = 4), and HCoV-OC43 (n = 4). For each strain, we analyzed the replication 
kinetics and progeny virus release on HAE cell cultures derived from different donors. Surprisingly, by visualizing HCoV infec- 


tion by confocal microscopy, we observed that HCoV-229E employs a target cell tropism for nonciliated cells, whereas HCoV- 
OC43, HCoV-HKU1, and HCoV-NL63 all infect ciliated cells. Collectively, the data demonstrate that HAE cell cultures, which 
morphologically and functionally resemble human airways in vivo, represent a robust universal culture system for isolating and 


comparing all contemporary HCoV strains. 


he human airway epithelium (HAE) represents the entry port 

of many human respiratory viruses, including coronaviruses 
(CoVs). CoVs (subfamily Coronavirinae, family Coronaviridae) 
are positive-strand RNA viruses with the largest viral genomes of 
all RNA viruses (27 to 32 kb). CoV infections are associated 
mainly with respiratory and enteric diseases (1-3). The first re- 
ports on human CoVs (HCoVs) date back to the mid-1960s, when 
two human viruses, designated HCoV-229E and HCoV-OC43, 
were isolated from persons with the common cold (4, 5). HCoVs 
are associated with mild respiratory tract disease (common cold) 
that may cause more severe symptoms in elderly or immunocom- 
promised individuals (6-11). However, the appearance of severe 
acute respiratory syndrome (SARS), caused by a formerly un- 
known coronavirus, SARS-CoV, and the most recent identifica- 
tion of another human coronavirus, HCoV-EMC, exemplify the 
considerable zoonotic potential of coronaviruses and their ability 
to seriously affect human health (2, 12-17). In the aftermath of the 
SARS pandemic, the number of newly identified CoVs and host 
species is continuously increasing (2, 18-20). Intensified global 
virus discovery efforts have also revealed that more HCoVs exist, 
as demonstrated by the identification of HCoV-NL63 in 2004 and 
HCoV-HKU1 in 2005 (19, 20). Both viruses are not emerging 
viruses, like SARS-CoV and HCoV-EMC, but were previously un- 
identified. Infections by these viruses are as common and wide- 
spread as HCoV-229E and HCoV-OC43 infections (11, 21). 

Despite the accumulating knowledge on HCoV prevalences 
and disease burdens, studies on fundamental aspects of HCoV 
infections regarding target cell tropism and other crucial virus- 
host interactions are seriously hampered by the lack of a universal 
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cell culture system or suitable animal models that allow propaga- 
tion of all four currently known HCoVs. The fastidious nature of 
HCoVs on conventional cell lines was described during the mid- 
1960s and led to ex vivo culturing of human embryo respiratory 
tract explants (4, 5, 22, 23). Currently, the pseudostratified HAE 
cell culture system is used as an alternative and convenient in vitro 
tool to propagate and characterize newly identified human respi- 
ratory viruses (24). Thus far, one isolate of HCoV-HKU1—which 
is refractory to propagation on conventional cell lines—has been 
cultured on HAE (25), as well as the reference strain of HCoV- 
NL63 (26). 

In this study, we used HAE cell cultures as a universal cell 
culture system to isolate and characterize all four contemporary 
HCoV strains. In total, we obtained 10 contemporary clinical iso- 
lates among 18 HCoV-positive nasopharyngeal specimens, en- 
compassing four HCoV strains: HCoV-229E (n = 1), HCoV- 
NL63 (n = 1), HCoV-HKU1 (n = 4), and HCoV-OC43 (n = 4). 
For each strain, we used one isolate to analyze the replication 
kinetics and progeny virus release on HAE cell cultures established 
from primary cells from different donors. Furthermore, by using 
confocal microscopy, we determined the target cell tropism of 
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each HCoV strain by visualizing intracellular double-stranded 
RNA (dsRNA) and/or viral proteins in human airway epithelia. 


MATERIALS AND METHODS 


Virus stocks. The HCoV-NL63 (isolate Amsterdam 1 [Ams-001]) virus 
stock was obtained by inoculating a monolayer of LLC-MK2 cells as de- 
scribed previously (19). The supernatant was harvested after 7 days and 
stored in aliquots at —80°C, after removal of cellular debris by centrifu- 
gation. HCoV-229E (Inf-1) cell culture supernatant was obtained as pre- 
viously described (27). HCoV-OC43 (VR-759) was obtained from the 
ATCC. 

Clinical material. Twelve nasopharyngeal specimens were collected in 
January 2010 at the Laboratory of Clinical Virology, Department of Med- 
ical Microbiology, Academic Medical Center, Amsterdam, Netherlands, 
from patients who were hospitalized due to upper or lower respiratory 
tract illness. Research on the samples was conducted in accordance with 
the ethical principles set out in the Declaration of Helsinki. Viral infec- 
tions were determined with an in-house diagnostic quantitative reverse 
transcription-PCR (qRT-PCR) panel for human respiratory viruses. All 
nasopharyngeal washes used in this study were positive for HCoVs and 
negative for human bocavirus, human metapneumovirus, influenza A 
and B viruses, respiratory syncytial virus, human picornaviruses, human 
adenovirus, and human parainfluenza viruses 1 to 4 (28). One HCoV- 
NL63 clinical sample has been described previously (29). Five additional 
HCoV-NL63-positive nasopharyngeal specimens that were negative for 
human bocavirus, human metapneumovirus, influenza A and B viruses, 
respiratory syncytial virus, human picornaviruses, human adenovirus, 
and human parainfluenza viruses 1 to 4 were obtained from the EU- 
financed GRACE study (http://www.grace-Irti.org). The following ethics 
review committees approved the study: in Cardiff and Southampton, 
United Kingdom, Southampton & South West Hampshire Research Eth- 
ics Committee A; in Utrecht, Netherlands, Medisch Ethische Toetsing- 
scommissie Universitair Medisch Centrum Utrecht; in Barcelona, Spain, 
Comité Etic d'Investigacié Clinica Hospital Clinic de Barcelona; in Ma- 
taro, Spain, Comité d’Etica d'Investigacié Clinica (CEIC) del Consorci 
Sanitari del Maresme; in Rothenburg, Germany, Ethik-Kommission der 
Medizinischen Fakultat der Georg-August- Universitat Géttingen; in Ant- 
werp, Belgium, UZ Antwerpen Comité voor Medische Ethiek; in Lodz, 
Szeczecin, and Bialystok, Poland, Komisja Bioetyki Uniwersytetu Medy- 
cznego W Lodzi; in Milan, Italy, IRCCS Fondazione ca Granda Poli- 
clinico; in Jonkoping, Sweden, Regionala Etikproévningsnamnden i 
Link6ping; in Bratislava, Slovakia, Etika Komisia Bratislavskeho; in Gent, 
Belgium, Ethisch Comité Universitair Ziekenhuis Gent; in Nice, France, 
Comité de Protection des Personnes Sud-Méditerranée II, Hépital Salva- 
tor; and in Jesenice, Slovenia, Komisija Republike Slovenije za Medicinsko 
Etiko. Written informed consent was provided by all study participants. 

Human airway epithelial cell culture. Normal primary human bron- 
chial epithelial cells (HBEpC) were isolated from patients (>18 years old) 
who underwent bronchoscopy and/or surgical lung resection in their di- 
agnostic pathway for any pulmonary disease and who gave informed con- 
sent. This was done in accordance with local regulations from the Aca- 
demic Medical Center, Netherlands, or the Kantonal Hospital St. Gallen, 
Switzerland, as part of the St. Gallen Lung Biopsy Biobank (SGLBB), 
which received approval by the ethics committee of the Canton St. Gallen 
(EKSG 11/044, 27 April 2011). Pathologically examined bronchial seg- 
ments were incubated for 48 h at +4°C in minimal essential medium 
(MEM; Sigma) supplemented with a mixture of protease XIV-DNase I 
(Sigma) and the following additives (Sigma): penicillin G sulfate (100 
units/ml), streptomycin sulfate (100 g/ml), amphotericin B (1.25 pg/ 
ml), gentamicin (50 wg/ml), and nystatin (100 units/ml). After cell disso- 
ciation, the HBEpC were maintained for one or two serial passages as a 
monolayer in bronchial epithelial cell serum-free growth medium 
(BEGM) (30), which is LHC basal medium (Invitrogen) supplemented 
with the required additives (Sigma and Sciencecell). BEGM was refreshed 
at 2- or 3-day intervals. Subpassaging of HBEpC to form pseudostratified 
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human airway epithelial cell cultures was done as described previously 
(24). The washing of the apical surface was adjusted to 7-day intervals. 
Prior to the experiments, all cultures were maintained at 37°C ina 5% CO, 
incubator. 

Human coronavirus infection. An aliquot of 50 wl of clinical patient 
material or cell culture supernatant was diluted in 200 pl Hanks balanced 
salt solution (HBSS) and centrifuged for 4 min at room temperature at a 
1,500X relative centrifugal force (RCF). Two hundred microliters of di- 
luted clinical sample was directly inoculated onto the apical surface of 
pseudostratified human airway epithelium and incubated for 2 h at 33°C 
ina5% CO, incubator. After 2 h, the inoculum was collected and stored in 
an equal volume of homemade virus transport medium (VTM; MEM 
supplemented with 0.5% gelatin). The apical surface was rinsed three 
times with 500 zl of HBSS, and inoculated cultures were maintained at 
33°C in a 5% CO, incubator. Samples were collected from the apical 
surface or the basolateral compartment at the indicated time points post- 
inoculation. Apical harvesting was performed by adding 200 wl of HBSS 
to the apical surface, incubating the culture for 10 min at 33°C in a 5% 
CO, incubator, and then removing and storing the apical surface in an 
equal volume of VIM. From the basolateral compartment, 200 pl of 
medium was transferred into an equal volume of VTM, after which an 
equal volume of fresh medium was supplemented with the remaining 
medium in the basolateral compartment. Cultures were observed daily by 
eye, using a phase-contrast microscope. 

RNA isolation and cDNA synthesis. Viral RNA was isolated from 100 
wl of apical or basolateral harvest by using the Boom method for total 
nucleic acid isolation (31); elution was performed in 100 wl RNase-free 
H,O. Alternatively, viral RNA was isolated from the collected samples by 
use of a NucleoSpin RNA IJ kit according to the manufacturer’s protocol 
(Macherey-Nagel); elution was performed in 60 jl RNase-free H,O. Re- 
verse transcription was performed with Moloney murine leukemia virus 
reverse transcriptase (Invitrogen) (200 units) and 12.5 ng of random 
primers (Invitrogen) in a solution containing 10 mM Tris, pH 8.3, 50 mM 
KCl, 0.1% Triton X-100, 6 mM MgCL,, anda 25 wM concentration of each 
deoxynucleoside triphosphate, in a total volume of 20 pl, at 37°C for 
60 min. 

Human coronavirus kinetics. Genotyping and quantification of viral 
HCoV RNA yields were performed using a Platinum quantitative PCR 
SuperMix- uracil-DNA glycosylase (UDG) kit (Invitrogen). Ten microli- 
ters of CDNA was amplified in 50 pl 1X Platinum quantitative PCR Su- 
perMix—uracil-DNA glycosylase (Invitrogen) with 5.0 mM MgCl,, 10 1M 
specific probe labeled with 6-carboxyfluorescein (FAM) and 6-carboxyte- 
tramethylrhodamine (TAMRA), and 45 M (each) primers. Primers tar- 
geting HCoV-NL63, HCoV-HKU1, HCoV-229E, and HCoV-OC43 are 
described elsewhere (25, 32, 33). Measurements were done with an ABI 
Prism 7000 sequence detection system (Applied Biosystems, Foster City, 
CA). Following the UDG treatment for 2 min at 50°C and denaturing for 
10 min at 95°C, 45 cycles of amplification (15 s at 95°C and 60 s at 60°C) 
were performed. 

Quantification of viral HCoV RNA yields of contemporary strains was 
performed using LightCycler 480 Probes master mix (Roche). Two mi- 
croliters of cDNA was amplified according to the manufacturer’s proto- 
col, using the above-mentioned sense and antisense strain-specific prim- 
ers. Measurements and analysis were performed on a LightCycler 480 II 
instrument, using the LightCycler 480 software package (Roche). The 
cycle profile was 10 min at 95°C followed by 45 cycles of 10 s at 95°C, 20 s 
at 60°C, and 30 s at 72°C and then a melting curve step to confirm product 
specificity. 

Confocal microscopy analysis. Infected HAE cultures were fixed with 
4% paraformaldehyde (PFA; FormaFix) for 30 min at room temperature, 
followed by rinsing of the apical and basolateral sides three times with 1 ml 
of phosphate-buffered saline (PBS). Fixed HAE cultures were immuno- 
stained using a previously described procedure (34). For simultaneous 
detection of HCoV proteins and ciliated cells, human intravenous immu- 
noglobulin (IVIg) (1:500; 50 mg/ml) (Nanogam, Sanquin B.V.) and 
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mouse monoclonal anti-B-tubulin IV (1:400) (Sigma) were applied as 
primary antibodies. Donkey-derived Dylight 488-labeled anti-mouse 
IgG(H+L) and Dylight 594-labeled anti-human IgG(H+L) (1:200) 
(Jackson Immunoresearch) were applied as secondary antibodies. For de- 
tection of dsRNA, viral replication complexes, tight junctions, and ciliated 
cells, monoclonal anti-dsRNA (J2; English & Scientific Consulting Bt.), 
anti-HCoV-229E NSP8 (1:400; kindly provided by John Ziebuhr [35]), 
and goat polyclonal anti-ZO1 (1:200; Abcam) were applied as primary 
antibodies. Donkey-derived Dylight 488-labeled anti-mouse IgG(H+L), 
Dylight 549-labeled anti-goat IgG(H+L), and Dylight 647-labeled anti- 
rabbit IgG(H+L) (Jackson Immunoresearch) were applied as secondary 
antibodies, followed by a separate incubation with Cy3-conjugated mouse 
anti-B-tubulin (1:1,000; Sigma) for staining of ciliated cells. The above- 
described staining combinations were all counterstained with DAPI (4’,6- 
diamidino-2-phenylindole; Invitrogen) before the membranes were dis- 
sected and mounted under a coverslip on a glass slide with Vectashield 
mounting medium (Vector Laboratories). Fluorescence images were ac- 
quired using an EC Plan-Neofluor 40X/1.30 oil differential interference 
contrast (DIC) M27 or Plan-Apochromat 63 X/1.40 oil DIC M27 objec- 
tive on a Zeiss LSM 710 confocal microscope. Image capture, analysis, and 
processing were performed using the ZEN 2010 (Zeiss) and Imaris (Bit- 
plane Scientific Software) software packages. 

Cryosections. For in vivo and in vitro examinations of the CD13 dis- 
tribution in the human airway epithelium, primary bronchial segments 
and pseudostratified HAE cell cultures were fixed with 4% PFA (Forma- 
Fix) for 30 min at room temperature, followed by rinsing of the samples 
three times with PBS. Fixed samples were mounted in Tissue-Tek OCT 
medium and snap-frozen in liquid nitrogen, and then 10-wm-thick hor- 
izontal sections were made. Monoclonal anti-B-tubulin (Sigma) and 
sheep polyclonal anti-human CD13 (R&D Systems) were applied as pri- 
mary antibodies. Donkey-derived Dylight 488-labeled anti-mouse 
IgG(H+L) and Cy3-labeled anti-sheep IgG(H+L) (Jackson Immunore- 
search) were applied as secondary antibodies and were counterstained 
with DAPI (Invitrogen), using the procedure described above. 

Statistical analysis. Calculations were performed using Prism soft- 
ware, version 5 (Graphpad). Comparison of the colocalization percent- 
ages of dsRNA with nonciliated and ciliated cells for four contemporary 
HCoV strains at 96 h postinoculation (hpi) was performed using a two- 
tailed, unpaired t test with a threshold for significance of a P value of 
<0.05. 


RESULTS 

Isolation of clinical HCoV strains by use of HAE cultures. The 
currently available laboratory-adapted reference strains of HCoV- 
229E and HCoV-OC43 are known to differ from clinical strains 
with respect to deletions or mutations in the structural and acces- 
sory genes (36, 37). We therefore aimed to isolate representative 
clinical HCoV strains directly from nasopharyngeal aspirate 
(NPA) specimens. We initially used an unbiased approach and 
assessed 12 NPA specimens that were found to be HCoV positive 
by a pan-HCoV qPCR and were negative for human bocavirus, 
human metapneumovirus, influenza A and B viruses, respiratory 
syncytial virus, human picornaviruses, human adenovirus, and 
human parainfluenza viruses. An aliquot of 50 wl of each sample 
was diluted 1:5 in HBSS, and then 200 pl of diluted sample was 
used to inoculate the apical surface of a pseudostratified HAE cell 
culture. The inoculants were incubated for 2 h at 33°C, followed 
by removal and rinsing of the apical surface three times with HBSS 
to remove any residual unbound viral particles. During the infec- 
tion, the cultures were maintained at 33°C, and 200-pl harvests 
were collected from the apical surface at 2, 24, 48, 72, 96, 120, 144, 
and 168 hpi. Quantification of the viral yields within the sequen- 
tial samples taken from the 12 HCoV cultures showed a steep 
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increase of viral RNA yields for 9 of the 12 HAE cell cultures 
around 48 hpi, which increased and reached a plateau between 72 
and 120 hpi (Fig. 1A to C). By subsequent determination of the 
genotype of each clinical isolate by strain-specific real-time PCRs, 
we assigned four isolates to HCoV-HKUI, one isolate to HCoV- 
229E, and four isolates to HCoV-OC43 (Fig. 1A to C). As shown in 
Table 1, the clinical isolates that could be isolated directly from 
diluted NPA specimens and propagated upon the HAE cell cul- 
tures had viral RNA concentrations in the range of 157 to 153 X 
10° genome copies per milliliter. When we determined the HCoV 
genotypes of the three NPA samples that did not yield detectable 
virus replication following inoculation of HAE cultures, we no- 
ticed that they did not contain any HCoV-NL63-specific se- 
quences. Therefore, six additional clinical specimens known to be 
positive for HCoV-NL63 were selected to isolate new contempo- 
rary HCoV-NL63 isolates. Inoculation of HAE cultures with these 
HCoV-NL63-positive specimens revealed that a steep increase of 
viral RNA yields could be detected for only one isolate (R2354) 
(Fig. 1D). Determining the HCoV-NL63 RNA concentration 
demonstrated that it ranged from 5.49 X 10° to 1.49 X 107 ge- 
nome copies per milliliter (Table 1). Repetition of the experiment 
by use of HAE cultures from a different donor did not improve the 
recovery rate (data not shown). Therefore, the low isolation rate of 
new HCoV-NL63 isolates directly from clinical specimens (isola- 
tion from only one of six specimens) suggests that HCoV-NL63 is 
more difficult to isolate than the other three HCoV species (Table 
1). Collectively, these data demonstrate that the HAE culture sys- 
tem is suitable for isolation and propagation of all four contem- 
porary HCoV strains. 

Progeny virus release. The successful propagation of clinical 
isolates of each of the four circulating HCoV strains gave us the 
opportunity to analyze their replication kinetics and progeny vi- 
rus release characteristics within a single cell culture system. We 
first compared virus replication of the clinical HCoV-OC43, 
HCoV-NL63, and HCoV-229E isolates to that of their respective 
laboratory-adapted reference strains. Inoculation of HAE cultures 
was done as described above, using approximately 5 X 10° ge- 
nome copies per milliliter. The release of progeny virus at the 
apical surface was monitored at 24, 48, 72, and 96 hpi. No gross 
differences concerning the replication kinetics were observed be- 
tween the clinical isolates and the laboratory reference strains of 
HCoV-OC43 and HCoV-229E (Fig. 2A and B). For HCoV-NL63, 
the reference strain reached higher titers than those of the clinical 
isolate (Fig. 2C). These initial results indicated that the genomic 
alterations in the HCoV-OC43 and HCoV-229E reference strains 
did not seem to influence their replication kinetics in the human 
airway epithelium. 

We addressed the robustness of the HAE cell culture system by 
using primary epithelial cells from different donors. A single rep- 
resentative isolate of each HCoV strain was chosen from the pool 
of newly isolated contemporary HCoVs, except for HCoV-NL63. 
Because of the low replication kinetics of and limited amount of 
NPA material containing the HCoV-NL63 clinical strain (R2354), 
we decided to use the HCoV-NL63 reference strain (Ams-001) 
instead. Indeed, the HCoV-NL63 reference strain was isolated in 
2004, its genome sequence is >99% identical to those of clinical 
isolates (29), and it has a well-documented passage history of no 
more than 8 passages in standard cell culture (LLC-MK2 cells). 
Therefore, it can be considered a contemporary clinical isolate. 
The inoculum to infect HAE cultures was standardized to 1 X 10° 
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FIG 1 Isolation of clinical HCoV isolates on HAE cell cultures infected with HCoV-positive nasopharyngeal aspirates, from which the viral yield was monitored. 
Viral yields are given as Cy values (y axis) at the indicated times postinoculation (x axis) for clinical HCoV-229E (A), HCoV-HKU1 (B), HCoV-OC43 (C), and 
HCoV-NL63 (D) isolates. The horizontal dashed line represents the detection threshold of the HCoV real-time PCR. The results of a representative experiment 


are shown. 


genome copies per 200 pl. Replication kinetics of the HCoV-NL63 
(Ams-001), HCoV-229E (0349), HCoV-HKU1 (0315), and 
HCoV-OC43 (0500) strains were determined on HAE cultures 
derived from three different donors. The same experimental con- 
ditions as those described above were used, except that the release 


TABLE 1 Isolation of representative clinical HCoV strains 


Viral load (genome 


Strain Isolate copies/ml) Replication 
HCoV-229E 552 6.67E+03 No 
349 6.58E+03 Yes 
HCoV-NL63 R2354 1.53E+07 Yes 
P0588 5.89E+05 No 
J1816 5.01E+04 No 
K1341 9.14E+03 No 
KO0109 5.49E+03 No 
Ams-057 1.09E+06 No 
HCoV-HKU1 516 4.71E+06 Yes 
561 7.11E+05 No 
476 1.33E+05 Yes 
315 1.46E+04 Yes 
548 6.88E+02 No 
350 2.77E+03 Yes 
HCoV-OC43 500 1.57E+02 Yes 
671 3.43E+03 Yes 
634 1.66E+02 Yes 
562 3.28E+03 Yes 
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of progeny viral RNA was monitored at 2, 24, 48, 72, 96, and 120 
hpi for the apical surface and at 48 and 120 hpi for the basolateral 
compartment. We observed that the replication kinetics at the 
apical surface for HCoV-229E and HCoV-HKU1 were compara- 
ble, with a 2- to 3-log increase in the viral RNA yield within the 
first 72 hpi (Fig. 3). However, in cells from one donor (3011), we 
observed reduced viral growth kinetics for both viruses during the 
first 72 h, but eventually the viral RNA yields were similar to those 
observed for the other two donors at 120 hpi (Fig. 3). Visual ob- 
servation of the cultures revealed no gross morphological differ- 
ences among the different HAE cultures; thus, this lag period was 
likely influenced by an as yet undefined mechanism. This effect 
was not observed for HCoV-NL63 and HCoV-OC43, which 
showed robust kinetics among the different donors (Fig. 3). In the 
basolateral compartment, we detected incidental oscillation of 
the viral RNA among the basolateral medium samples for each of 
the HCoV species. However, in all cases, the viral RNA concentra- 
tion was several orders of magnitude lower (=3 log) than the 
apical secreted RNA yield (Fig. 3E). These results demonstrate that 
the HAE cell culture system is robust and reveal a predominant 
apical polarity of progeny virus release for all four HCoVs. 

Cell tropism. HCoV-NL63 and HCoV-HKU1 are known to 
employ a target cell tropism predominantly for ciliated cells on 
HAEs. However, similar studies to determine the target cell tro- 
pism of HCoV-229E and HCoV-OC43 have not yet been re- 
ported. Therefore, we examined HCoV-229E- and HCoV-OC43- 
infected HAE cultures at 96 hpi, in parallel with infections by 
HCoV-NL63 and HCoV-HKUI1. The infections were performed 
with contemporary HCoV-229E (0349), HCoV-OC43 (0500), 
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FIG 2 Viral yields of cell culture reference strains versus representative clinical 
isolates. The monitored viral yields (genome copies/200 jl; y axis) at the indi- 
cated times postinoculation (x axis) are given for the cell culture-adapted 
reference strains and representative clinical isolates of HCoV-OC43 (A), 
HCoV-229E (B), and HCoV-NL63 (C). The results of a representative exper- 
iment are shown. 


HCoV-HKU1 (0315), and HCoV-NL63 (R2354) isolates and with 
the reference strains of HCoV-OC43 (VR759), HCoV-229E (Inf- 
1), and HCoV-NL63 (Ams-001). No changes in cell layer conflu- 
ence, morphology, or cilium movement were observed in any of 
the HCoV-inoculated cultures compared with the control culture. 
We used human IVIg to detect viral proteins in infected cells, and 
a B-tubulin antibody was applied to discriminate between ciliated 
and nonciliated cell populations. As shown in Fig. 4, confocal 
microscopy revealed that IVIg could be used to detect viral anti- 
gens in HAE cultures for all four clinical HCoV isolates (Fig. 4). 
The colocalization results show that IVIg-positive cells in HCoV- 
OC43-, HCoV-HKU1-, and HCoV-NL63-infected HAE cultures 
were predominantly ciliated cells. In contrast, and surprisingly, 
HCoV-229E-infected cells were predominantly nonciliated (Fig. 
4). The same results were obtained by infecting HAE cultures with 
the corresponding laboratory reference HCoV strains (data not 
shown). 

The usage of IVIg in immunofluorescence detection of HCoV- 
infected cells in HAE cultures is limited to only those HCoV 
strains that are continuously circulating in the human population. 
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FIG 3 Characteristics of contemporary HCoV strains on HAE from different 
donors. The monitored apical viral yields are given as viral RNA yields per 200 
ul at the indicated times postinoculation for contemporary HCoV-HKUI (A), 
HCoV-229E (B), HCoV-OC43 (C), and HCoV-NL63 (D) strains. (E) The 
monitored basolateral viral yields at 48 and 120 hpi are given for the indicated 
contemporary HCoV strains. The results are shown as means and standard 
deviations (SD) for triplicates from 3 independent experiments. ND, not de- 
tected. 


Furthermore, the antibody concentration within the human se- 
rum pool can differ concerning specificity for particular HCoV 
strains, but also concerning the level of viral antigen expression 
that can reproducibly be detected. Therefore, we employed an 
antibody directed against dsRNA as an alternative to eliminate 
these variables. This monoclonal antibody has been shown to bind 
dsRNA independent of sequence and nucleotide composition 
(38) and can thus detect each HCoV strain and species, indepen- 
dent of their genomic composition. To evaluate the antibody in 
our setting, we used HCoV-229E (Inf-1)- and mock-infected HAE 
cultures together with an antibody against the HCoV nonstruc- 
tural protein 8 to confirm the specificity of the dsRNA antibody. 
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FIG 4 Cell tropisms of representative clinical HCoV isolates. Human airway epithelial cell cultures were fixed at 120 hpi, followed by double immuno- 
staining with monoclonal anti-B-tubulin IV to detect ciliated cells (green) and human IVIg to detect HCoV proteins (red), and were then examined by 


confocal microscopy. Magnification, X40. Representative images at 120 hpi are presented for a control culture (A) and for HCoV-NL63 (B)- 


OC43 (C)- 
isolate. Bars, 20 wm. 


In addition, a tight junction marker (ZO-1) and a ciliated cell 
marker (B-tubulin) were incorporated to accurately discriminate 
the localization of the dsRNA complexes among different cell 
types present in the HAE cultures. The acquired z-stack images of 
both HAE cultures were processed and, as expected, demonstrated 
colocalization of dsRNA with the nonstructural viral protein (Fig. 

A). The inclusion of the cell-specific markers allowed a clear 
discrimination between nonciliated and ciliated cells and con- 
firmed our previous finding that HCoV-229E infects predomi- 
nantly nonciliated cells. 

The dsRNA antibody staining in parallel with the cellular 
markers gave a more detailed view of the number of HCoV-in- 
fected cells. Therefore, we characterized the target cell tropisms of 
the different HCoV strains in HAE cultures quantitatively, using 
contemporary HCoV-229E (0349), HCoV-OC43 (0500), and 
HCoV-HKUI1 (0315) isolates and the HCoV-NL63 (Ams-001) 


HCoV-229E 


, HCoV- 


, HCoV-HKUI1 (D)-, and HCoV-229E (E)-inoculated cultures. An overlay image was generated to determine the cell tropism of each HCoV 


reference strain. We inoculated HAE cultures from two donors 
with HCoVs and analyzed the samples at 48 and 96 hpi. For each 
HCoV strain, time point, and donor, we analyzed five randomly 
selected fields across the HAE culture, resulting in the analysis of 
more than 1,000 cells per virus strain. The cumulative immuno- 
staining data show that a large number of replication complexes 
were detected at 48 and 96 hpi for HCoV-229E and HCoV-HKU1 
for both donors (Table 2). In contrast, the numbers of dsRNA- 
positive cells for HCoV-NL63 and HCoV-OC43 were, on average, 
lower. These numbers corresponded with the RNA yields at the 
assessed time points for each of the viruses (Fig. 3). We used the 
cumulative data to calculate the colocalization percentages of 
dsRNA-positive cells with either ciliated or nonciliated cells (Fig. 
5B). This quantitative analysis confirmed that HCoV-229E infects 
predominantly nonciliated cells (P = 0.0030), whereas HCoV- 
NL63 (P = 0.0082), HCoV-OC43 (P = 0.0017), and HCoV- 
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FIG5 Quantification of human coronavirus cell tropism. (A) Representative transparent, three-dimensionally rendered z-stack images of HCoV-229E-infected 
and control HAE cell cultures are shown to illustrate the quantification method for HCoV cell tropism. The cultures were stained with antibodies directed against 
B-tubulin IV (ciliated cells; red), ZO1 (tight junctions; red), NSP8 (replication complexes; yellow), and dsRNA (viral dsRNA; green) and with DAPI (cell nucleus; 
blue). (B) Percentages of colocalization of dsRNA with nonciliated (white bars) and ciliated (black bars) cells of four contemporary HCoV strains at 96 hpi. The 
results are shown as means and SD for 5 randomly selected fields from 2 independent experiments. **, P < 0.01; ***, P < 0.001 (two-tailed, unpaired tf test). 


6086 _jvi.asm.org Journal of Virology 


Characterization of HCoV Cell Tropism on HAE 


TABLE 2 Cumulative numbers of nonciliated and ciliated cells positive for dsRNA complexes 


No. of cells positive for 


No. of cells dsRNA 
Time point Nonciliated Ciliated Nonciliated Ciliated 
Donor HCoV isolate HOoV strain (hpi) cells cells cells cells 
1212 349 229E 48 1,019 479 246 13 
349 229E 96 844 422 147 9 
Ams-001 NL63 48 960 530 8 20 
Ams-001 NL63 96 810 456 12 71 
315 HKU1 48 1,097 351 2 20 
315 HKU1 96 785 432 17 167 
500 OC43 48 908 379 0 0 
500 OC43 96 1,107 479 4 46 
Mock 48 1,120 447 0 0 
Mock 96 707 449 0 0 
0712 349 229E 48 996 450 209 52 
349 229E 96 703 357 143 23 
Ams-001 NL63 48 960 494 0 21 
Ams-001 NL63 96 796 544 0 21 
315 HKU1 48 993 574 12 151 
315 HKU1 96 962 444 ll 260 
500 OC43 48 965 552 1 11 
500 OC43 96 945 558 2 64 
Mock 48 1,100 557 0 0 
Mock 96 1,019 525 0 0 


HKU1 (P = 0.0007) infect predominantly ciliated cells (Fig. 5B). 
Importantly, it also became apparent that the target cell tropism of 
each HCoV strain is not strictly limited to a certain cell type. 

The target cell tropism of HCoV-NL63 correlates with the dis- 
tribution pattern of its cellular receptor, angiotensin converting 
enzyme II, which is expressed predominantly on ciliated cells (39). 
HCoV-229E utilizes human aminopeptidase N (CD13) as a cellu- 
lar receptor; however, the distribution pattern of this receptor on 
human airway epithelial cells has not been defined (40). There- 
fore, we assessed the distribution pattern of human aminopepti- 
dase N (CD13) in vivo and in vitro, using bronchial lung resections 
and pseudostratified HAE cultures. This revealed that human 
aminopeptidase N colocalizes with nonciliated cells (Fig. 6), sug- 
gesting that, like that of HCoV-NL63, the HCoV-229E target cell 
tropism is determined by the receptor distribution in the human 
airway epithelium (52). We hypothesize that this is also the case 
for HCoV-OC43 and HCoV-HKU1; however, for both viruses, 
the functional cellular receptor is unknown. 


DISCUSSION 


We show here that HAE cell culture is a robust and universal 
HCoV culture system that facilitates the isolation and character- 
ization of HCoVs. A total of 10 contemporary HCoV strains were 
obtained directly from clinical specimens. Analysis of the target 
cell tropisms of HCoV-HKU1, HCoV-229E, HCoV-OC43, and 
HCoV-NL63 at the primary entry port of infection revealed that 
HCoV-229E has a preference to infect nonciliated cells, whereas 
HCoV-NL63, HCoV-HKU1, and HCoV-OC43 all prefer ciliated 
cells. 

Although HCoV-OC43 and HCoV-229E have been known 
since the mid-1960s (4, 5), their target cell tropisms on HAE cells 
were previously unknown. HCoV-OC43 infects predominantly 
ciliated cells, with apical release of progeny virus, similar to 
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HCoV-NL63 and HCoV-HKU1 (25, 41). Regarding HCoV-229E, 
Wang et al. previously showed that HCoV-229E can infect HAE 
cultures; however, in that study, no cell tropism of the virus or 
phenotype of the cells that expressed CD13 was defined (40). 
Therefore, the different cell tropism of HCoV-229E from that of 
the other three HCoV strains remained unknown. 

The property of a virus to secrete progeny to the apical or 
basolateral surface, or bilaterally, may be decisive for subsequent 
virus spread and, possibly, disease outcome. Respiratory viruses 
that can cross the epithelial barrier have the opportunity to infect 
other types of cells that harbor the same cellular receptor. For 
several respiratory viruses, including HCoV-229E, HCoV-HKUI, 


A 


FIG 6 In vivo and in vitro distributions of CD13 expression in human airway 
epithelium. Human bronchial tissue segments (A) and pseudostratified HAE 
cultures (B) were stained with antibodies directed against B-tubulin IV (cili- 
ated cells; green) and human CD13 (red) and with DAPI (cell nucleus; blue) to 
determine the receptor distribution. Confocal images representative of 5 ran- 
domly selected fields from 2 independent experiments are shown. Bar, 20 ym. 
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and SARS-CoV (25, 40, 42), the ability to cross the epithelial bor- 
der by basolateral release of the virus has been determined via 
HAE cultures (43, 44). In the current study, we support the doc- 
umented polarity of HCoV-229E and HCoV-HKU1 progeny vi- 
ruses (apical infection and apical release) and demonstrate the 
same polarity for HCoV-NL63 and HCoV-OC43. This was not 
documented before for either HCoV-NL63 (26, 41) or HCoV- 
OC43. Our results suggest that the apical-apical polarity of HCoVs 
restricts these viruses to the airway lumen. Interestingly, we did 
not detect any cytopathic effect in HAE cultures that had been 
infected with HCoVs, suggesting that apical release of progeny 
virus is the predominant viral exit route as long as the epithelium 
remains intact. We observed no visual changes in cell layer con- 
fluence, morphology, or cilium movement in HCoV-infected 
HAE cultures at 120 hpi. This was also reflected by the lack of 
disruption of the tight junction barriers, a marker for pseu- 
dostratified cell layer integrity. Furthermore, the cumulative data 
on the numbers of ciliated and nonciliated cells among the differ- 
ent HAE cultures also revealed no remarkable differences in the 
cell populations (Table 2). Therefore, HCoVs infect HAE cultures 
without inducing gross pathological changes. These results are in 
accordance with what has been reported previously for other re- 
spiratory viruses (24, 44, 45); however, we did not investigate 
transepithelial resistance, dead cell shedding, or if the cilium beat- 
ing frequency was reduced during infection, as shown earlier for 
HCoV-229E in experimentally inoculated human volunteers (46). 
This physiological effect has been shown to be involved in the 
congestion and accumulation of mucus of the upper airways, 
which are hallmarks of the common cold (46). Future studies with 
HAE cultures should address whether the cilium beating fre- 
quency is altered upon HCoV infection alone or in combination 
with increased mucus secretion. It is also important that macro- 
phages and dendritic cells (DCs) are likely to play a role during 
viral replication in the lung. This is particular interesting because 
HCoV-229E is known to replicate efficiently in macrophages and 
DCs. Therefore, it will be important in future studies to comple- 
ment HAE cultures with macrophages and DCs and to assess if 
basolateral release of progeny virus can be observed. HAE cocul- 
tures with macrophages and DCs will also be interesting in the 
context of host responses, such as release of proinflammatory cy- 
tokines that may confer cytopathogenicity and thus facilitate ba- 
solateral virus release. 

The difficulty in acquiring new HCoV-NL63 isolates from clin- 
ical specimens suggests that this virus is more fastidious than the 
other HCoV strains. Only one novel HCoV-NL63 isolate was ob- 
tained, although six attempts were performed here. Indeed, the 
difficulty in culturing this strain was suspected in light of the late 
discovery of HCoV-NL63, in 2004, 40 years after HCoV-229E and 
HCoV-OC43 were discovered (19). Failure to culture HCoV- 
NL63 from clinical specimens, even those with high viral loads, 
suggests that other factors might be involved in successful HCoV- 
NL63 culture, e.g., neutralizing antibodies or inhibitory cytokines 
and/or chemokines in a specimen. However, we cannot exclude 
the possibility that factors affecting sample quality may have been 
involved in the observed difficulty in isolating HCoV-NL63 in our 
study. In contrast to HCoV-NL63, we readily obtained several 
HCoV-HKU1 isolates by using HAE cultures. Also, HCoV-HKU1 
was discovered only recently (20), and in contrast to all other 
HCoV strains, propagation of HCoV-HKU 1 is still not possible in 
any conventional cell line-based culture system. Therefore, it is 
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not surprising that HCoV-HKU1 was discovered only after inten- 
sified surveillance for coronaviruses in the human population fol- 
lowing the SARS epidemic. Our finding that 4 of 12 HCoV-posi- 
tive samples contained replication-competent HCoV-HKU1 
confirms that HCoV-HKU1 is a contemporary HCoV strain and, 
furthermore, highlights the value of HAE cultures for the isolation 
of human respiratory viruses that are refractory to propagation in 
conventional cell lines. 

Recombination is a major driving force of coronavirus evolu- 
tion, and intraspecies recombination events have already been 
proposed for HCoV-OC43, -HKU1, and -NL63 (29, 47, 48). 
Among animal coronaviruses, type I and type II feline and canine 
coronaviruses are prominent examples of interspecies recombina- 
tion (49). A prerequisite for recombination is coinfection of the 
same target cell, and our data suggest that there is a certain likeli- 
hood of HCoV-OC43, HCoV-HKU1, and HCoV-NL63 coinfec- 
tion in the human airway epithelium. With the current knowledge 
on target cell tropism and the availability of a reverse genetic sys- 
tem for most HCoVs, it is now possible to address this question 
experimentally within the native environment (27, 41, 50). 

Finally, the HAE culture system will also greatly facilitate as- 
sessments of the zoonotic potential of coronaviruses. The rapid 
expansion of the number of novel identified CoV species in vari- 
ous members of mammals and birds indicates that it is not un- 
likely that additional CoVs will be identified in the years to come 
(2). Notably, more than 50 newly identified CoVs have been de- 
tected in various bat species alone, including close relatives to 
SARS-CoV and HCoV-229E (2, 51). Thus, it has been proposed 
that bats are the reservoir of most, if not all, known CoVs (51). The 
emergence of SARS-CoV and the recently discovered novel hu- 
man betacoronavirus HCoV-EMC, which both most likely origi- 
nated from bat coronaviruses, shows that CoV cross-species trans- 
mission and adaptation to the human population can occur (17). 
Although these viruses are easily culturable on Vero cells, the HAE 
culture system allows detailed characterization of the cell tropism 
and apical/basolateral release of zoonotic CoVs. We expect that 
the HAE culture system will greatly facilitate the isolation of 
emerging respiratory virus strains that are refractory to growth on 
conventional cell lines and will help to address the question of 
whether such emerging viruses can replicate efficiently on the hu- 
man airway epithelium. Most importantly, it will also allow the 
testing of potentially efficacious therapeutic options in a relevant 
in vitro cell culture model to combat emerging respiratory viruses. 
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